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ABSTRACT 

We examine the evolutionary status of luminous, star- forming galaxies in 
intermediate-redshift clusters by considering their star formation rates and the chem- 
ical and ionsiation properties of their interstellar emitting gas. Our sample consists 
of 17 massive, star- forming, mostly disk galaxies with Mg < —20, in clusters with 
redshifts in the range 0.31 ^ z < 0.59, with a median of (z) — 0.42. We compare these 
galaxies with the identically selected and analysed intermediate-redshift field sample of 
Mouhcine et al. (2006), and with local galaxies from the Nearby Field Galaxy Survey 
of Jansen et al. (2000). 

From our optical spectra we measure the equivalent widths of [OIIJA3727, H/3 and 
[OIIIJA5007 emission lines to determine diagnostic line ratios, oxygen abundances, and 
extinction-corrected star formation rates. The star- forming galaxies in intermediate- 
redshift clusters display emission line equivalent widths which are, on average, signif- 
icantly smaller than measured for field galaxies at comparable redshifts. However, a 
contrasting fraction of our cluster galaxies have equivalent widths similar to the high- 
est observed in the field. This tentatively suggests a bimodality in the star-formation 
rates per unit luminosity for galaxies in distant clusters. We find no evidence for fur- 
ther bimodalities, or differences between our cluster and field samples, when examining 
additional diagnostics and the oxygen abundances of our galaxies. This maybe because 
no such differences exist, perhaps because the cluster galaxies which still display signs 
of star-formation have recently arrived from the field. In order to examine this topic 
with more certainty, and to further investigate the way in which any disparity varies 
as a function of cluster properties, larger spectroscopic samples are needed. 

Key words: galaxies: evolution - galaxies: abundances - galaxies: fundamental pa- 
rameters - galaxies: clusters: general 



1 INTRODUCTION 

One of the central problems in astronomy is that of galaxy 
formation and evolution: when were the visible parts of 
galaxies assembled, when were the stars formed, and how 
did this depend on environment? 

At low redshift the dependence of galaxy properties on 
environment is well established. Dense environments con- 
tain a larger fraction of red, passive galaxies, while low 
density environments show more blue, star-forming galax- 
ies (e.g., Lewis et al. 2002; Gomez et al. 2003, Balogh et 
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al. 2004). Furthermore, star-forming cluster galaxies tend 
to have lower rates of star formation than those in the field 
(Moss & Whittle 1993, 2000). These star formation patterns 
are accompanied by a morphological trend, such that denser 
regions have a larger fraction of early-types than the field 
(Morgan 1961, Dressier 1980). However, the origin of these 
environmental dependences is not yet clear, and continues 
to be debated. 

As well as the local variation in galaxy properties with 
environment, there are differences between the galaxy pop- 
ulations observed in comparable environments at different 
cosmic epochs. In intermediate-redshift clusters there are a 
higher fractions of blue (Butcher & Oemler 1978, 1984), star- 
forming (Couch & Sharpies 1987, Dressier & Gunn 1992, 
Poggianti et al. 1999), and spiral (Dressier et al. 1997) galax- 
ies than in comparable local clusters. The integrated star for- 
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mation rate per cluster mass is thus larger for higher redshift 
clusters (Finn et al. 2005, Homeier et al. 2005). However, the 
field also evolves substantially with redshift (e.g., Cowie et 
al. 1997), and intermediate-redshift cluster galaxies still al- 
ways tend to have lower star formation rates (Balogh et al. 
1998), star-forming fractions (Postman et al. 2001, Poggianti 
et al. 2006) and spiral fractions (Dressier et al. 1997) than 
field galaxies at the same epoch. 

Recently the TuUy-Fisher relation (TuUy & Fisher 1977) 
has been used to investigate the differential evolution of 
cluster versus field galaxies at intermediate redshift. This 
method effectively utilizes rotation velocity, a proxy for total 
mass, as a baseline against which other galaxy properties, in 
this case luminosity, can be compared for different samples. 
Ziegler et al. (2003) have concluded that cluster galaxies 
at z = 0.3-0.5 are distributed in the TuUy-Fisher diagram 
similarly to field galaxies at the same redshifts, suggesting 
that the mass-to-light ratios of cluster galaxies are not af- 
fected by physical processes specific to high density regions. 
In contrast, Milvang- Jensen et al. (2003) found mild evi- 
dence that cluster galaxies are brighter than field ones at a 
fixed rotation velocity. Using a larger sample, Bamford et al. 
(2005) also found that for luminous, star-forming field and 
cluster disc galaxies at 0.3 < z < 0.8, the cluster galaxies 
are systematically brighter with respect to the TuUy-Fisher 
relation of the field at the 3(t level. They speculate that 
this might be due to the increased presence of young stellar 
populations in galaxies which have recently entered the clus- 
ter environment, due to an enhancement of star formation 
caused by some interaction with that environment. However, 
Nakamura et al. (2006) fail to confirm this cluster-field off- 
set with a comparable sample. The question is therefore not 
yet settled, and awaits the results from much larger studies, 
such as the ESO Distant Cluster Survey (EDisCS; White et 
al. 2005) and the Deep Extragalactic Exploratory Probe 2 
(DEEP2; Davis et al. 2003). 

The degree of chemical enrichment in distant star- 
forming galaxies provides insight into how populations of 
distant galaxies map onto those in the local universe. Analy- 
ses of the oxygen abundances of star-forming field galaxies at 
intermediate redshifts seem to indicate that the luminosity- 
metallicity relation evolves with redshift, with steeper slope 
(faster variation in metallicity with luminosity) at earlier 
cosmic times (Kobulnicky et al. 2003; Maier et al. 2004; 
Liang et al. 2004) . These studies imply that lower luminosity 
field galaxies have experienced substantial chemical evolu- 
tion since a ~ 1, while the brightest galaxies have changed 
little. Mouhcine et al. (2006) found that the properties of 
the interstellar star-forming gas for a sample of luminous, 
massive field galaxies at 0.2 < z < 0.8 cover a wide range, 
extending from those observed for local bright galaxies to 
those of local dwarf galaxies. A subsample of these galax- 
ies have already undergone significant chemical enrichment, 
as indicated by their high oxygen abundances. However, at 
a given galaxy luminosity many field galaxies have oxygen 
abundances, 12 -I- log(0/H) ~ 8.6, significantly lower than 
local galaxies with similar luminosities. These galaxies ex- 
hibit physical conditions, i.e., emission line equivalent width 
and ionization state, very similar to those of local faint, 
metal-poor, star-forming galaxies. 

In this paper, we analyze star formation rates and the 
properties of the interstellar emitting gas for a sample of 17 



Table 1 . Coordinates and membership of cluster galaxies in our 
sample 



ID 


R.A. (J2000) 


Dec. (J2000) 


Cluster 


\ 




-01 ■33-35 


A 370 


2 


n2-'^Q-4fi 4 


-01:32:17 


A 370 


3 


n9-'^Q-'^Q 9 
. oy . oy . ^ 


-u ± . oo . uo 


A 370 


4 


22:58:34.0 


-34:46:52 


AC 114 


5 


22:58:40.6 


-34:50:12 


AC 114 


6 


22:58:46.3 


-34:46:43 


AC 114 


7 


22:58:49.3 


-34:47:01 


AC 114 


8 


00:56:48.4 


-27:40:03 


CL 0054-27 


9 


20:56:22.7 


-04:35:54 


MS 2053.7-0449 


10 


00:18:31.1 


16:22:05 


MS 0015.9-1-1609 


11 


00:18:26.2 


16:25:08 


MS 0015.94-1609 


12 


00:18:30.9 


16:25:41 


MS 0015.94-1609 


13 


00:18:29.2 


16:23:12 


MS 0015.9-1-1609 


14 


16:23:42.3 


26:30:55 


MS 1621.5-1-2640 


15 


16:23:39.1 


26:36:15 


MS 1621.5-1-2640 


16 


16:23:38.0 


26:35:40 


MS 1621.5-1-2640 


17 


16:23:41.5 


26:35:37 


MS 1621.5-1-2640 



intermediate redshift cluster galaxies. Seven of these have 
securely measured rotation velocities and emission scale 
lengths. The galaxies are drawn from the Bamford et al. 
(2005, 2006) and Nakamura et al. (2006) samples, which 
were primarily constructed to compare the TuUy-Fisher re- 
lations of cluster and field galaxies at intermediate redshifts. 
We measure emission line equivalent widths, diagnostic ra- 
tios, and oxygen abundances for cluster galaxies, with the 
aim of investigating the environmental effects on the chemi- 
cal content of galaxies at intermediate redshift. Even with a 
small sample of cluster galaxies, we are able to discern clear 
differences between intermediate redshift field and cluster 
galaxy properties. 

The paper is organized as follows. In Section|21we briefly 
describe the sample selection and emission line measure- 
ments. In Section 121 we discuss the differences in ionization 
condition, luminosity-metallicity relation, and star forma- 
tion rates for cluster galaxies at intermediate redshifts with 
respect to both intermediate redshift and local field samples. 
Our results are summarised, and their implications briefiy 
discussed, in Section |1] 

A concordance cosmological model with 
Ho = 70kms~^, f^A — 0.7, flm = 0.3 has been adopted 
throughout the paper. 



2 OBSERVATIONS AND SAMPLE SELECTION 

The observed galaxies are located in nine fields, centered on 
the clusters MS 0440.5-1-0204 (z^i = 0.20, ad = 838kms"M, 
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0015.9-^1609 
0054-27 
2053.7-0449 
1054.4-0321 
and (Tci clus- 



redshifts and velocity-dispersions, obtained from 
literature (Stocke et al. 1991; Girardi & Mezzetti 
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Table 2. Properties of our sample of intermediate redshift cluster galaxies. The columns give the ID, redshift, absolute rest-frame 
B-band magnitude, rest-frame equivalent widths of [OII]A3727, H/3 and [OIII]A5007, rotation velocity, emission scalelength, star 
formation rate determined from H/3, and the colour excess due to internal dust extinction, respectively. 



ID 




z 


Mb 
mag 


EW([OII]A3727) 

(A) 


EW{H/3) 

(A) 


EW([OIII]A5007) 

(A) 


Vrot 

(kms-1) 


size 
(kpc) 


12 


+ log{0/H) 


SFR{) 
(Moyr- 




E{B-V) 
(mag) 


1 





373 


-22.03 ± 0.13 


16.6 ± 0.5 


12.8 ± 0.3 


1.0 ± 0.2 






9 


02 


± 


0.01 


9 


23 


± 


23 


0.12 ± 0.04 


2 





378 


-21.13 ± 0.17 


30.3 ± 1.8 


5.1 ± 0.9 


4.9 ± 0.7 


247. ± 11. 


7.7 ± 0.3 


8 


41 


± 


0.21 


1 


62 


± 


28 


0.000 ± 0.31 


3 





384 


-20.46 ±0.1 


26.8 ± 1.5 


6.3 ± 0.6 


7.2 ± 0.6 






8 


58 


± 


0.09 


1 


08 


± 


10 


0.000 ± 0.18 


4 

5 






306 
313 


-20.72 ± 0.08 


13.7 ± 0.9 
19.6 ± 1.8 


2.1 ± 0.3 
7.4 ± 1. 


1.6 ± 0.4 
5.6 ± 0.8 


81. +23^ 


4 3-0.3 


8 


79 


± 


0.07 












6 





312 


-21.09 ± 0.08 


12.2 ± 0.6 


3.5 ± 0.2 


4.8 ± 0.2 






8 


64 


± 


0.04 


1 


07 


± 


05 


0.14 ± 0.09 


7 





313 


-21.26 ± 0.08 


6.7 ± 0.9 


4.4 ± 0.6 


4.3 ± 0.2 




3. ± 0.6 


8 


89 


± 


0.04 


1 


56 


± 


23 


0.51 ± 0.22 


8 





559 


-21.06 ± 0.12 


26.2 ± 1.8 


22.7 ± 1.5 


3.5 ± 1.6 


194. ± 35. 


2.5 ± 0.4 


9 


03 


± 


0.01 


6 


74 


± 


44 


0.21 ± 0.11 


9 





588 


-20.38 ± 0.1 


63.8 ± 3.8 


25.6 ± 2.7 


16.2 ± 1.7 






8 


83 


± 


0.05 


4 


07 


± 


43 


0.000 ± 0.16 


10 





551 


-21.34 ± 0.1 


11.9 ± 1.3 


3.2 ± 1.0 


4.1 ± 0.9 






8 


63 


± 


0.26 


1 


24 


± 


39 


0.21 ± 0.53 


11 





554 


-20.89 ± 0.09 


7.6 ± 2.8 


5.2 ± 1.3 


3.2 ± 1.6 






8 


94 


± 


0.05 


1 


32 


± 


33 


0.69 ± 0.47 


12 





549 


-22.28 ± 0.08 


23.9 ± 0.9 


4.1 ± 0.8 


2.2 ± 0.5 






8 


43 


± 


0.24 


3 


67 


± 


73 


0.000 ± 0.35 


13 
14 
15 







550 
424 
422 


-20.44 ± 0.11 
-21.15 ± 0.07 
-20.93 ± 0.09 


19.6 ± 1.9 
10.5 ± 1.0 
63.2 ± 1.6 


6.9 ± 1.2 
4.9 ± 0.8 
21.7 ± 1. 


5.3 ± 2.5 

5.4 ± 0.4 
19.6 ± 0.7 


1 ■57 -37. 
-+49. 

213.;?: 


4 6-0.4 
^•"+0.5 

r, 7-0.2 

^•'+0.1 


8 
8 
8 


77 

81 
75 


± 
± 
± 


0.11 
0.07 
0.03 


1 
1 

5 


16 
56 
71 


H- H- H- 


20 
26 
25 


0.10 ± 0.30 
0.49 ± 0.25 
0.000 ± 0.07 


16 
17 






421 
429 


-20.75 ± 0.08 
-19.97 ± 0.08 


24.5 ± 1.6 
14.1 ± 2.7 


7.9 ± 0.9 
6.2 ± 1.5 


6.9 ± 0.7 

3.3 ± 1.3 


2i6.;j9': 


9-0.3 

■'•^-1-0.3 


8 
8 


73 
86 


± 
± 


0.08 
0.09 


1 



76 
67 


± 
± 


21 
16 


0.09 ± 0.19 
0.09 ± 0.38 



2001; Hoekstra et al. 2002). Spectroscopy and imaging 
were obtained using FORS2^ on the VLT (Seifert et al. 
2000), for MS 0440.5-1-0204, AC 114, A 370, CL 0054-27, 
MS 2053.7-0449, MS 1054.4-0321, and using FOCAS^ on 
the Subaru telescope (Kashikawa et al. 2002) for A 2390, 
MS 1621.5-H2640, MS 0015.9-H609, MS 2053.7-0449 
again. The cluster galaxies considered in this paper are 
defined as those galaxies with redshifts, 2, such that 
Zci — 3(Tci !^ z ^ Zci + Sad- Galaxies with redshifts outside 
of these limits were assigned to the field sample considered 
in Mouhcine et al. (2006). 

As the original samples were designed to study the 
TuUy-Fisher relation, the galaxies observed within each field 
were selected by assigning priorities based upon the likeli- 
hood of being able to measure a rotation curve. Galaxies 
with disky morphologies, favourable inclination for rotation 
velocity measurement, known emission line spectrum, and 
available Hubble Space Telescope data were assigned higher 
priorities. The sample is thus biased toward luminous, star- 
forming disc galaxies, and therefore we are not probing the 
average galaxy population in clusters. 

The reduction of the spectroscopic and photometric 
data are detailed in Bamford et al. (2005) and Nakamura et 
al. (2006), and summarised in Mouhcine et al. (2006). The 
products utilized in this paper are wavelength-calibrated, 
sky-subtracted, non-fiux-calibrated Id-spectra spanning the 
observed range ~ 5000-8500 A at 4.2-6.3 A resolution 
(FWHM), from spatial regions covering the whole major 
axis of each galaxy, and absolute rest-frame B-band total 
magnitudes. 

To measure emission line equivalent widths, single 
Gaussian fits were attempted for all visible emission lines. 
Balmer emission lines were corrected for the underlying stel- 
lar absorption by considering simultaneous fits of the emis- 
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sion and absorption lines. For a fraction of the galaxy spec- 
tra, particularly with low S/N , these two-component fits 
were found to be unreliable. To correct the affected galax- 
ies, we thus apply a uniform stellar absorption correction 
estimated from the galaxies with both reliable two- and one- 
component fits (see Mouhcine et al. 2006 for more details). 

Our initial sample of cluster galaxies with identifiable 
emission lines contains 72 galaxies, and spans a redshift 
range of 0.2 to 0.84 with a median of 0.55. We searched 
within this spectroscopic sample for galaxies with emission 
lines suitable for chemical analysis. Only galaxies for which 
it was possible to measure [OII]A3727, H/3, and [OHI]A5007 
emission lines were retained, i.e., the lines needed to deter- 
mine the ionizing source and to measure the oxygen abun- 
dance. After applying these selection criteria the sample size 
drops to 22. For reliable oxygen abundance determinations, 
only galaxies for which H/3 emission line is well detected are 
retained. This was judged by requiring the S/N , estimated 
from the median pixel value in regions 29-58A away from the 
line on both sides, divided by the median value of the error 
image in the same region, to be larger than 8. An additional 
5 objects were excluded from the sample due to the weak 
detection of H/3. Of the the original data set with 72 objects, 
the final sample contains 17 emission line galaxies in the red- 
shift range 0.31 < 2 < 0.59, with a median of (z) — 0.42. 
These galaxies span almost 2.5 magnitude in B-band lumi- 
nosity {Mb ~ —19.9 to —22.3), with a median of —21. Seven 
of the cluster galaxies in our sample have securely measured 
rotation velocities, in the range Kot = 82-248 kms~^ with a 
median of 194 kms~^, and emission scale length in the range 
J'd.spec = 2.5-7.7 kpc, with a median of 3.2 kpc (see Bamford 
et al. 2005 for more details on the measurements of rotation 
velocities and emission scale lengths). 

3 These numbers reduce to 16 galaxies with oxygen abundances 
(6 of which have measured Vrot & *"d,spec)i after we reject one 
galaxy duo to difficulties in measuring its metallicity, and 15 
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The lower panel of Fig. shows the relationship be- 
tween rest-frame B-band absolute magnitude and redshift 
for the final cluster galaxy sample, shown as filled circles, 
and a comparison sample of intermediate redshift field galax- 
ies from Mouhcine et al. (2006). The figure shows that the 
redshift and the galaxy luminosity are correlated for the 
comparison sample of field galaxies. No clear correlation is 
seen for our cluster galaxies, however the luminosities cov- 
ered at a given redshift are consistent for the two samples. 

The upper panel of the figure shows the redshift dis- 
tribution for galaxies in our intermediate redshift cluster 
(hatched, thin line) and field (thick line) samples. Clearly, 
the bulk of field galaxies in the comparison sample are dis- 
tributed over a redshift interval similar to our cluster galax- 
ies. The redshift distribution of the field galaxies does, how- 
ever, extend beyond that of our cluster galaxies. 

For the high-redshift end of the distribution, we lose 
the [Oin]A5007 emission line from the spectral range above 
z ^ 0.7, so that the final sample does not contain any galaxy 
from the most distant cluster (MS 1054.4-0321). Note that 
there is not a sharp redshift cutoff at which we lose the re- 
quired lines, as the exact wavelength range of the spectra 
depend upon the position of the slit in the mask (see Bam- 
ford et al. 2005 and Nakamura et al. 2006 for more details) . 

A similar situation occurs at the low-redshift end of the 
distribution. We have a few field galaxies at 2 ~ 0.2, but 
no cluster galaxies due to the slightly different wavelength 
ranges of the VLT and Subaru data. For the VLT data the 
cutoff is setting in by z « 0.2, the redshift of MS0440. For 
Subaru data the cutoff occurs above z = 0.23, which is the 
reason why the final sample does not contain any galaxies 
from cluster A2390. We are also missing field galaxies at 
redshifts around the two clusters at Zd = 0.55 and Zd = 0.56 
due to the presence of telluric atmospheric absorption at 
~ 7580-7700 A. The spectra were not corrected for this 
feature, and so the lines which fell into this region were 
not used due to the difficulty in measuring their equivalent 
widths. This occurs for [OIII]A5007 at z = 0.514 - 0.538 
and for H/3 at 2 = 0.559 — 0.584. The cluster galaxy at 
z ~ 0.559 is just outside the affected range. It is worth 
mentioning that the results presented in this paper do not 
change if the field galaxies beyond the limits where cluster 
galaxies are detected are excluded from the intermediate 
redshift comparison sample. 

An accurate estimate of the interstellar star-forming gas 
properties requires that the observed emission lines arise in 
Hll regions, powered by photoionization from massive stars. 
None of the observed spectra contain all the required emis- 
sion lines to determine the ionizing source using the classical 
techniques. Therefore, we use the equivalent width ratios of 
[OIII]A4959,A5007/H/3 and [OII]A3727/H/3 as parametrized 
by Lamareille et al. (2004) to check the nature of the ioniz- 
ing source. All the objects in our sample fall within the zone 
where starburst galaxies are located, indicating that for all 
of them the source ionizing the interstellar gas is an episode 
of star formation. 



galaxies with star formation rates and internal dust reddenings 
(6 with Vrot &: gpec) after we reject another galaxy with no 
magnitude measurement; see section [3.1l 
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Redshift 



Figure 1. Lower panel: The relationship between B-band abso- 
lute magnitude and redshift for the sample of cluster galaxies, 
shown as field circles. The relationship for the comparison sam- 
ple of field galaxies is shown as open circles. Upper panel: The 
redshift distribution for field and cluster galaxy samples shown 
are open and hatched histograms respectively. 



3 PROPERTIES OF CLUSTER GALAXIES 

3.1 Comparison samples &: oxygen abundances 

We take a step toward quantifying environmental variation 
in galaxy properties at intermediate redshifts by compar- 
ing our cluster galaxy properties with those of field galaxies 
from Mouhcine et al. (2006). The redshift distributions of 
both field and cluster galaxy samples are comparable, the 
field galaxies span a redshift range 0.2 < z < 0.8 with a 
median of {z) = 0.45. The comparison sample of interme- 
diate redshift field galaxies was selected and analysed in an 
identical manner to the sample studied in this paper. 

To investigate differences between the properties of 
z ~ 0.5 cluster galaxies and the general present day galaxy 
population, we require a local comparison sample. For this 
we use the sample of Jansen et al. (2000), who observed the 
Nearby Field Galaxy Survey (NFGS) of about 200 galaxies. 
The NFGS was selected from the first CfA redshift cata- 
logue (Huchra et al. 1983) to approximate the local galaxy 
luminosity function. To select star-forming galaxies in the 
original NFGS sample, we use the classical diagnostic ra- 
tios of two pairs of relatively strong emission lines (Baldwin 
et al. 1981; Veilleux & Osterbrock 1987). The colour excess 
from obscuration by dust for NFGS sample galaxies was esti- 
mated from the observed ratio of Ha and H/3 line fluxes. We 
adopt the Milky Way interstellar extinction law of Cardelli, 
Clayton, & Mathis (1989), with Rv ~ 3.1, and assume an in- 
trinsic Balmer decrement of 2.85, corresponding to the case 
B recombination with a temperature of T = lO'^K and a den- 
sity of Uc - 10^ - lO"* cm"^ (Osterbrock 1989). 

Gas phase oxygen abundances are estimated using 
the so-called strong emission line method, based on mea- 
surements of [OII]A3727, [OIII]A4959, A5007, and H/3 (Mc- 
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Table 3. Statistical comparison of our cluster and field samples. For each parameter (x), the columns give the number 
of cluster and field objects {n^i and rif respectively), the robust mean of that parameter for cluster and field objects 
{x^l and Xf respectively), the cluster— field difference in the means (A(Xj,; —Xf)), an estimate of the size of cluster— field 

difference that would be required in order to discriminate between the two at the 3cr-level (|A(jis| = 3 X \/(cr^ ^ ~^ '^^ 
the probability that the cluster and field populations have the same mean {P{fJ.ci =A'/)), and the KS-test probability 
that the cluster and field population distributions are the same (P(KS)). 



X 




"/ 








A{x^i - Xf 


) l^dis 


1 Pit^ci=t^f) % P(KS) % 


EW([OII]A3727) (A) 


17 


44 


17.55 


±2.68 


33.86 ±2.82 


-16.31 


11.68 


0.013^ 


0.991 


EW(H/3) (A) 


17 


44 


5.35 


±0.65 


10.24 ±0.82 


-4.90 


3.14 


0.002=^ 


1.826 


O32 


17 


44 


0.35 


±0.05 


0.33 ±0.03 


0.02 


0.17 


75.63 


96.53 


R23 


17 


44 


4.13 


±0.48 


4.87±0.30 


-0.75 


1.71 


19.19 


44.96 


Mb (mag) 


16 


43-20.90 


±0.15-20.79 ±0.14 


-0.11 


0.61 


57.34 


19.87 


SFR (Mgyr-l) 


15 


39 


1.34 


±0.23 


2.37±0.38 


-1.03 


1.32 


2.242'' 


46.45 


12 + log(0/H) 


16 


40 


8.77 


±0.05 


8.71 ±0.03 


0.06 


0.17 


25.09 


50.55 


E(B-V) (mag) 


15 


39 


0.10 


±0.05 


0.08 ±0.01 


0.03 


0.16 


61.53 


74.35 



^ highly significant significant, but see discussion in text for caveats. 



Gaugh 1991). This is done through the parameter R23 — 
([OIII]A4959, A5007+[OII]A3727)/H/3 introduced initially by 
Page! et al. (1979). The R23 parameter is both abundance- 
and ionization-sensitive (e.g., Kewley & Dopita 2002). The 
correction of this dependence of R23 parameter on ioniza- 
tion is usually done by using the ionization-sensitive diag- 
nostic ratio O32 = [OIII]A4959,A5007/[OII]A3727 (e.g., Mc- 
Gaugh 1991; Kewley & Dopita 2002). Note that the oxygen 
abundance estimated using different calibrations available 
in the literature might differ by factors up to ~ 4 (Ellison & 
Kewley 2005), however, as our main interest is to study the 
relative change in oxygen abundances between cluster and 
field galaxies, the exact choice of the 12 + log(0/H) vs. R23 
calibration is not a critical issue. Here we determine oxy- 
gen abundance using the calibration of McGaugh (1991), as 
taken from in Kobulnicky, Kennicutt & Pizagno (1999). 

The use of R23 parameter to estimate oxygen abun- 
dance is complicated by the degenerate dependence of this 
parameter on metallicity: at the same value of R23, different 
ionization parameters correspond to different oxygen abun- 
dances (McCall et al. 1985) . The observed emission lines for 
our sample galaxy spectra are not enough to break the de- 
generacy. However, when the needed emission lines to do so 
are observed for intermediate redshift galaxies with similar 
luminosities, they are found to lie on the metal-rich branch 
of the 12 + log(0/H) versus R23 calibration (Kobulnicky et 
al. 2003; Maier et al. 2005). To estimate the oxygen abun- 
dance, we make the assumption that the galaxies in our sam- 
ple lie on the upper metallicity branch of the 12 + log(0/H) 
versus R23 calibration. R23 and O32 have been estimated us- 
ing emission line equivalent widths. Kobulnicky & Phillips 
(2003) have shown that estimates of both ratios using equiv- 
alent widths give results similar to using emission line fluxes. 

For one galaxy in the sample, the oxygen abundance 
estimated using the low-branch of metallicity calibration, 
given its R23 and O32 parameters, was larger than that de- 
rived using the upper-branch. This occurs when the mea- 
sured R23 parameter reaches a higher value than the maxi- 
mum allowed by the photoionization model, i.e., for a given 
O32. The estimate of oxygen abundance in this case is highly 
uncertain. No estimate of the oxygen abundance was made 
for this galaxy. 

None of the objects in our sample have both Hq and 



H/3 emission lines present in their covered spectral range, 
so the dust obscuration cannot be derived using the Balmer 
decrement. However, it is possible to estimate the amount 
of internal extinction by comparing the energy balance be- 
tween the luminosities of two different star formation in- 
dicators, [OHJA3727 and H/3 in this case after applying the 
appropriate corrections, that are free from systematic effects 
other than dust reddening, i.e., that do not depend on the 
metallicity or excitation state of the emitting gas. The star 
formation rate in terms of the [OHJA3727 emission line in- 
cludes a correction factor to account for the effect of metal- 
licity on the variation of the [OH] A3727/Hq: flux ratio, as 
calibrated by Kewley, Geller & Jansen (2004; see Mouhcine 
et al. 2005). 

Table|21hsts the redshifts, absolute B-band magnitudes, 
[OII]A3727, H/3, and [OIII]A5007 emission line rest-frame 
equivalent widths, rotation velocities, emission scale lengths, 
oxygen abundances, star formation rates, and colour ex- 
cesses for the objects in our final sample of 17 cluster galax- 
ies. 



3.2 Results 

The distributions of [OH]A3727 and H/9 equivalent width, 
O32 and R23 parameters, Mb, star formation rate derived 
from H/3, oxygen abundance, and colour excess are shown for 
our intermediate redshift cluster and field samples in Fig. |5| 
In addition to the visual comparison between our cluster and 
field samples afforded by these histograms, we have quanti- 
tatively compared the parameters. This has been done pri- 
marily by estimating the difference between the parameters' 
parent distribution means and evaluating the significance 
of this difference. The results are given in table |3| The fig- 
ures presented in this table are from a comparison utilising 
robust biweight estimators (e.g.. Beers, Flynn & Gebhardt 
1990). The probability that the parent distributions have the 
same mean is evaluated by a robust t-test, which does not 
assume that the distributions have equal variances (Welch 
1937). Similar results are found using canonical statistics, 
both unweighted and with weights corresponding to the 
measurement errors with the inclusion of an intrinsic disper- 
sion term. An exception is SFRh/3, for which the less robust 
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Figure 2. The distributions of [OII]A3727 and H/3 equivalent 
width, the O32 and R23 parameters, Mb, star formation rate 
derived from H/3 (shown as logj^Q (SFRh/j) to aid comparison), 
oxygen abundance, and colour excess for galaxies in our inter- 
mediate redshift cluster (hatched, thin line) and field (thick Une) 
samples. The cluster and field histograms are plotted on different 
scales such that they both enclose the same area. 



statistics find a less significant difference between the cluster 
and field samples. Tablej^also lists tiie probability that the 
parent cluster and field distributions are the same as given 
by a Kolmogorov-Smirnov (KS) test. 

The most striking diflerences are displayed by the equiv- 
alent widths of [OIIJA3727 and H/3, for which the cluster and 
field galaxy means differ at a > 99.99% significance level. 
The KS-test also finds differences at a > 98% significance 
level. The equivalent widths of [OII]A3727 and H/3 are on 
average significantly lower for cluster galaxies than for field 
galaxies in our samples, both by a factor of ~ 0.52 ± 0.09. 
If there is no variation in broad-band luminosities {Mb) be- 
tween these galaxy samples, these equivalent width ratios 
imply similar emission line luminosity ratios. Star forma- 
tion rate is proportional to the H/3 luminosity and, upto a 
metallicity and ionisation dependence, to the [OHJA3727 lu- 
minosity. We therefore expect the star formation rates of 
our cluster galaxies to be on average lower than those in our 
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Figure 4. Magnitude versus star formation rate, derived from 
H/3, for our samples of field (circles) and cluster (triangles) galax- 
ies. Representative errors are shown by the error bars in the top 
left corner. 



field sample, by a similar factor. Indeed, we find this to be 
true, by a factor of 0.6 ±0.1. However, this result is less sig- 
nificant than that based solely upon the equivalent widths. 
The robust statistics presented in table |21 find the difference 
to be ~ 98%, but canonical statistics and the KS-test find no 
significant difference. Also, if the comparison is performed 
in the log-regime, which may be more appropriate, no sig- 
nificant difference is found. This reduction in significance 
is probably due to broad-band luminosity variations. The 
spread in luminosity (~ 2 mag, therefore a factor of ~ 6 in 
luminosity) is comparable to the spread in equivalent width, 
and appears to blur out the differences between the cluster 
and field samples, reducing the significance of the difference, 
but not particularly affecting its magnitude. 

However, these statistics do not tell the whole story. 
While most cluster galaxies have equivalent widths on the 
low side of the field distrib, there are several objects (10- 
20%) which have equivalent widths as high as any of the 
field galaxies. This bimodality is visible in Fig.|21in the plot 
of [OII]A3727 equivalent width versus B-band magnitude. 
It also remains in the star formation rate distribution, with 
the majority of our cluster galaxies having star formation 
rates at the low end of the field distribution, but with sev- 
eral objects ('^ 20%) having SFRs higher than any of the 
field galaxies with the same broad-band luminosity. This is 
shown clearly by a plot of star formation rate versus mag- 
nitude, as given in Fig. |1] These results tentatively imply 
that distant cluster galaxies have a star formation rate per 
unit luminosity that is lower than the average for coeval field 
galaxies, with the exception of a subsample of ~ 20% cluster 
galaxies, which have star formation rates per unit luminos- 
ity that are higher than those usually seen in the field. We 
do not find evidence for bimodalities in the distribution his- 
tograms for any of the other parameters measured for our 
distant field and cluster galaxies. 

Locally, the strength of emission lines is known to cor- 
relate with other galaxy properties, e.g., luminosity, metal- 
licity, and ionization conditions (e.g., McCall et al. 1985; 
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Figure 3. Left: The relationship between rest-frame [OIIJA3727 emission line equivalent width and absolute B-band magnitude for our 
samples of intermediate redshift bright, star- forming galaxies (field galaxies as filled circles, and cluster members as filled triangles), 
and the NFGS local star-forming galaxies (open circles). Right: Rest-frame [OII]A3727 emission line equivalent width as a function of 
the excitation-sensitive diagnostic ratio 032- Field star-forming galaxies at intermediate redshifts are shown as filled circles, and cluster 
members as filled traingles, open triangles show faint (Mg > —19.5) NFGS galaxies, and open circles show bright (Mg > —19.5) NFGS 
galaxies. 



Stasiriska 1990; Kewley & Dopita 2002; Mouhcine et al. 
2005). On average faint/metal-poor galaxies tend to be 
highly ionized, while luminous/metal-rich galaxies are char- 
acterized by low-ionization parameters. The left panel of 
Fig. 13 shows the relationship between galaxy absolute B- 
band magnitude and [OII]A3727 rest-frame emission line 
equivalent width. Our cluster galaxies are shown as filled 
triangles, the sample of intermediate redshift field galaxies 
from Mouhcine et al. (2006) is shown by filled circles, and the 
local star-forming galaxies in the NFGS sample are shown 
as open circles. The NFGS galaxies in this figure display the 
well-established correlation between galaxy luminosity and 
emission line equivalent width (e.g., Salzer et al. 1989; Kong 
et al. 2002; Jansen et al. 2000). As discussed in Mouhcine 
et al. (2006), the distant field galaxies in our sample cover a 
similar range of [OII]A3727 rest-frame emission line equiv- 
alent width to that observed locally, but over a much nar- 
rower luminosity range, that is, ~ 2 mag in comparison to 
the ~ 7 mag covered by the NFGS galaxies. Strikingly, in- 
termediate redshift cluster galaxies seem to be mostly lo- 
cated in similar regions of the diagnostic diagrams as local 
luminous galaxies, while [OII]A3727 equivalent widths for 
galaxies in the field extend to values observed locally only 
at much lower luminosities. As mentioned earlier, an excep- 
tion to this trend is provided by two cluster galaxies with 
[OII]A3727 equivalent widths higher than nearly all of our 
distant field galaxies. 

The right panel of Fig. |3] shows the variation of 
[OII]A3727 emission line rest-frame equivalent width as 
a function of the ionization-sensitive diagnostic ratio 
O32 = [OIII]A4959,A5007/[OII]A3727. Intermediate redshift 
cluster and field galaxies are shown as in the left panel of 
the figure. To illustrate the effect of galaxy luminosity on 



O32, we split the local sample of star- forming galaxies into 
faint (Ms > -19.5) and bright {Mb < -19.5), samples. 
As discussed in Mouhcine et al. (2006), the bright, star- 
forming field galaxies at intermediate redshifts tend to be 
located in the same region as faint local star-forming galax- 
ies in the plot of [OII]A3727 equivalent width versus O32, and 
show higher ionization-sensitive diagnostic ratios (O32) than 
are seen locally in galaxies with comparable luminosities. 
However, our distant, star-forming cluster galaxies preferen- 
tially inhabit the same region in the [OII]A3727 equivalent 
width versus O32 diagram as local field galaxies with simi- 
lar, bright, luminosities. Exceptions to this are the same two 
high [OII]A3727 equivalent width galaxies discussed previ- 
ously, and the population of high-032 cluster galaxies. While 
the O32 distributions of our distant field and cluster galax- 
ies are similar (see Fig.l^J, the [OII]A3727 equivalent widths 
display a strong difference. The galaxies most responsible for 
this difference appear to be those with O32 > 0.4. This com- 
bination of high O32 and low [OII]A3727 equivalent widths 
is rather more unusual in both our distant and local field 
samples. 

The broad similarity between the observed rest-frame 
emission line equivalent widths and diagnostic ratios for 
bright, star-forming galaxies in the local field and those in 
intermediate-redshift clusters, suggests that the two samples 
span the same range of Hll region physical parameters, in 
terms of ionizing flux, ionization parameter, and metallic- 
ity. This also indicates that the R23 vs. 12 -I- log(0/H) local 
calibration should be valid for converting line ratios mea- 
sured for distant cluster galaxies in our sample into oxygen 
abundances, without introducing any systematic biases. 

Fig-Elshows the relationship between galaxy luminosity 
and oxygen abundance for our sample of distant star-forming 
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Figure 5. Luminosity-metallicity relation for our sample of in- 
termediate redshift star- forming cluster galaxies (filled triangles), 
compared with a sample of intermediate redshift star-forming 
field galaxies (filled circles), and local star- forming galaxies from 
the NFGS sample (open circles). 



cluster galaxies compared with the distant field and local 
galaxy samples. The local sample shows the well-established 
luminosity-metallicity relation (e.g., Skillman et al. 1989; 
Zaritsky et al. 1995; Richer & McCaU 1995; Melbourne & 
Salzer 2002; Lamareille et al. 2004; Tremonti et al. 2004). As 
expected from Fig. |5| our distant cluster and field galaxies 
are distributed similarly. 

The panels of Fig. El show the relationship of gas phase 
oxygen abundance versus the rest-frame equivalent width of 
the [OII]A3727 emission line (left) and extinction-corrected 
star formation rate (right). Symbols are the same as in 
Fig. |K| The star formation rates of distant cluster and field 
galaxies are derived using H/3 luminosities, estimated using 
H/3 equivalent widths and _B-band absolute luminosities fol- 
lowing equation 6 of Kobulnicky & Kewley (2004). The star 
formation rates are then calculated following the calibration 
of Kennicutt (1998). The star formation rate of galaxies in 
the local sample is estimated using the extinction-corrected 
Ha luminosity following the calibration of Kennicutt (1998). 

Both distant cluster and field galaxies follow similar re- 
lations between oxygen abundance and [OII]A3727 equiv- 
alent width (an indication of star formation rate per unit 
luminosity) as the local sample. However, as seen above, 
the intermediate redshift cluster galaxies tend to have lower 
[OII]A3727 equivalent widths at a given oxgen abundance 
than the distant field galaxies. This is most noticeable at 
low oxygen abundances, but does not necessarily imply a 
difference in slope, as we may be missing high oxygen abun- 
dance cluster galaxies with very low [OHJA3727 equivalent 
widths. As anticipated from Fig. \^ there is no evidence for 
a difference in the distributions of our intermediate redshift 
cluster and field galaxies in the oxygen abundance versus 
star formation rate diagram. 



4 DISCUSSION AND CONCLUSIONS 

We have examined the [OII]A3727, [OIII] A4959, A5007 and 
H/3 emission line equivalent widths, and resultant diagnostic 
diagrams, oxygen abundances and extinction-corrected star 
formation rates, for a sample of 17 bright {Mb ^ —20), 
star-forming, mostly disc, cluster galaxies at intermediate 
redshifts, 0.3 < ^ < 0.6. 

The comparison between these distant cluster galaxies 
and their counterparts in the coeval field, from Mouhcine 
et al.(2006), reveals that the properties of the interstellar 
gas are broadly similar for both samples. The primary dif- 
ference is that the emission line equivalent widths of the 
cluster galaxies are, on average, significantly lower than for 
the field galaxies. However, a fraction of the distant cluster 
galaxies appear to have much higher emission line equiva- 
lent widths, comparable to the highest seen in the field. This 
tentatively implies a bimodality in the star formation rates 
per unit luminosity of distant cluster galaxies. Our lumi- 
nous, star-forming, intermediate-redshift field galaxies, on 
the other hand, have broad, unimodal distributions, which 
extend smoothly to ranges observed locally only for much 
fainter galaxies (Mouhcine et al. 2006). 

The hint of a bimodality in the star formation rates per 
unit luminosity of distant cluster galaxies, with the majority 
being suppressed, but some apparently enhanced, lends sup- 
port to a mechanism for galaxy evolution in clusters which 
causes a temporary increase in the star formation rate of 
galaxies prior to a decline in their star formation. Indications 
of this have also been found by considering the Tully-Fisher 
relation of cluster and field samples from which the galax- 
ies studied in this paper were drawn (Milvang- Jensen et al. 
2003, Bamford et al. 2005). In these studies star-forming 
cluster galaxies were found to have, on average, brighter B- 
band luminosities than those in the field, at a given rotation 
velocity. This is suggestive of a recent enhancement of star 
formation for the cluster galaxies. 

We have examined the oxygen abundances for our 
galaxies, but are unable to discriminate between our cluster 
and field samples in terms of their chemical and ionisation 
properties. This may be due to a true lack of a difference 
between the two samples, perhaps because the star-forming 
galaxies in distant clusters have recently entered the cluster 
environment from the field. Two galaxies in our cluster sam- 
ple show oxygen abundances significantly lower, but with 
similar emission line equivalent widths, than what is seen 
locally for similar luminosities. One of these two objects has 
measured rotation velocity and emission scale length, i.e., 
Vrot ~ 248kms~^ and rd,spGc ~ 7.7 kpc. This object is sim- 
ilar to the sub-population of massive and large galaxies in 
the intermediate redshift field that are offset with respect to 
the local luminosity-metallicity relation. Given its rotation 
velocity and physical size, this object is likely to evolve into 
a massive, metal-rich galaxy in the local universe, rather 
than fading into a dwarf galaxy. While this galaxy is only 
1(7 away from the cluster redshift, it does lie at a projected 
distance from the cluster centre of 0.8 times the cluster virial 
radius, and is therefore potentially a recent arrival from the 
field. The other object with low oxygen abundance is at the 
cluster redshift and lies at a projected distance from the 
cluster centre of 0.3 times the cluster virial radius. It may 
be a recent addition to the cluster, but there is no evidence 
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Figure 6. Plots showing the rclationsliips between oxygen abundance and rest-frame [OII]A3727 equivalent widtii (left), and extinction- 
corrected star formation rate (right). Intermediate redsliift star-forming cluster/field galaxies are shown as filled triangles/circles, and 
the NFGS sample of local star-forming galaxies is marked by open circles. 



for or against this. Alternatively, the similarities between in- 
termediate redshift field and cluster galaxies we have found 
could be due to the lack of the required statistical power to 
measure the differences, due to our small sample size. How- 
ever, we have established some upper limits on the possible 
differences between the samples. 

The sample considered in this paper is not large or di- 
verse enough to address the issue of differential evolution 
of cluster and field galaxies quantitatively. We have been 
forced to combine galaxies from a number of clusters with a 
range of redshifts and velocity dispersions, in order to pro- 
duce a usefully sized sample. In doing so we have necessarily 
'blurred out' any variations which may exist with respect to 
cluster mass and redshift. The galaxy clusters studied here 
are among the most massive candidates at intermediate red- 
shifts ((Tc; ~ 750-1350). They are also located over a fairly 
narrow redshift range {z = 0.31-0.56). Our results and con- 
clusions arc thus restricted to massive clusters at z 0.4. 

There is as yet little constraints on the form that the 
variation of galaxy chemical evolutionary status takes with 
environment; is it a smooth transition with cluster mass, or 
are all galaxies in environments above a particular thresh- 
old density equally affected? An expectation for the rela- 
tionship between environment and the chemical evolution- 
ary status of its constituent galaxies may be inferred from 
the trends observed for star formation. The total stax for- 
mation rate per cluster mass (Finn et al. 2005), the fraction 
of star-forming cluster galaxies, and the star formation rates 
of individual cluster galaxies (Poggianti et al. 2006) corre- 
late strongly with cluster mass, in the sense that clusters 
with larger velocity dispersions tend to have systematically 
lower star-formation activity, and are populated by more 
passive galaxies (but sec also Kodama et al. 2004b). An 
anti-correlation between the cluster X-ray luminosity and 
the total star formation rate per cluster mass (Homeier et 
al. 2005) offers support for the dependence of the normal- 



ized star formation rate on cluster mass. The correlation 
between star formation activity and cluster mass seems to 
be traced by both high and low redshift clusters (as sug- 
gested by Lewis et al. 2002, Gomez et al. 2003). However, 
Goto (2005) has found, using a sample of low redshift cluster 
galaxies as faint as Mr = —20.38, drawn from the Sloan Dig- 
ital Sky Survey, that the fraction of late-type galaxies and 
the mass-normalized star formation rate do not significantly 
depend on cluster mass. 

In order to fully quantify the effect of environment on 
the chemical evolution of galaxies, future studies must thus 
overcome the degenerate effects of cluster mass and redshift 
on galaxy properties. They will therefore require consider- 
ably larger samples than are considered here, spanning a 
range of cluster masses at a variety of redshifts. 

Another missing piece of this puzzle is the behaviour of 
faint galaxies. In our sample we consider only the brightest 
galaxies, with Mb < —20. The effect of environment on the 
chemical evolution of galaxies as a function of galaxy lumi- 
nosity and mass is unknown at intermediate redshifts. In- 
vestigating this topic must be postponed until intermediate 
redshift field and cluster galaxy samples are available with 
large quantities of star-forming galaxies spanning a range of 
galaxy luminosity. 
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